Higher concentrations of Pb and Cd in wheat grains harvested in several lead-smelting-polluted areas in northern China have been reported. This field experiment was conducted to investigate the effect of phosphate amendment and Zn foliar application on the accumulation of Pb and Cd in wheat grains grown in a lead-smelting impacted area in Jiyuan in northern China. The soil (total Pb and Cd are 261 and 2.65 mg kg −1 , respectively) was amended with superphosphate at P:Pb ratios (mol:mol) of 1.90 or 2.57 either during wheat (Triticum aestivum L.) planting or a split of 60% of the phosphate applied at planting, with remaining 40% applied at the jointing stage. Zn was sprayed on the canopy of the wheat plants at the jointing stage. The phosphate amendment resulted in lower DTPA (diethylene triamine pentaacetic acid)-extractable Pb (1.39-10.7% lower than the control) and Cd (0.040-7.12%) in the soil. No significant effect of split application of phosphate was found on Pb and Cd availability in soil; however, higher rates of P resulted in lower Pb and Cd availabilities in the soil. Grain Pb (5.41-21.5% lower than the control), Cd (3.62-6.76%), and Zn (4.29-9.02%) concentrations were negatively affected by the phosphate application, with higher rates of phosphate resulting in lower grain heavy metal concentrations. Foliar application had no statistically significant influence on Pb and Cd concentrations in the grain (p > 0.05). Although Pb and Cd concentrations in wheat grains were reduced by the phosphate application, their concentrations were still much higher than the maximum permissible concentrations for wheat in the national standards of China. The results suggest that it is feasible to reduce wheat grain concentrations of Pb and Cd in Pb-smeltingpolluted areas in northern China by soil application of superphosphate; however, the split application of the phosphate and the foliar application of Zn compounds do not have substantial impact on reducing accumulation of Pb and Cd in the wheat grains.
Introduction
Heavy metals are the most widespread pollutants in the environment, and can be readily absorbed by plants and animals, allowing entry into the food chain and exerting negative effects on human health. Nonferrous metal mining and smelting are major sources of heavy metal contamination in the environment (Ran et al. 2010; Li et al. 2011; Lu et al. 2018) . During the mining and smelting process of nonferrous metals, heavy metals enter the environment through the weathering and leaching of solid wastes, emission of polluted water, or the atmospheric decomposition of particles from stacks of the smelters. China is the biggest lead (Pb) producer in the world at present. Lead mining and smelting have resulted in accumulation of lead and cadmium (Cd) in soils in many areas of some provinces, such as Henan, Hunan, and Guangdong (Li et al. 2011; Qiu et al. 2016) . Heavy metal pollution near smelting facilities has resulted in elevated concentrations of Pb and Cd in crop grains, bearing negative impacts on the health of local residents from the heavy metals (Bi et al. 2009; Qiu et al. 2016) . Jiyuan City in Henan Province in northern China produces about 800,000 t of Pb annually, which is about 10% of the world annual Pb output. High blood lead levels have been found in children living near the smelters (Qiu et al. 2016) .
Immobilization of heavy metals in contaminated soils reduces their solubility and mobility resulting in an effective way to manage contaminated soils. Phosphate amendments to immobilize Pb and other heavy metals have been extensively studied (Chen et al. 2006; Chrysochoou et al. 2007; Baker et al. 2014; Yan et al. 2016; Obrycki et al. 2017) . Phosphate amendments react with soil Pb to transform Pb into sparingly soluble Pb-phosphate minerals as an effective strategy to immobilize Pb in contaminated soils (Chrysochoou et al. 2007; Baker et al. 2014) , and phosphate has been demonstrated to immobilize Cd and Zn to a lesser extent (Kirkham 2006) .
In nonferrous metal mining and smelter-impacted areas, consumption of heavy metal-contaminated crops is a major human exposure pathway (Bi et al. 2009; Douay et al. 2013) . Thus, it is important to reduce the concentrations of heavy metals in the food sources, which involves reducing the availability of these metals in soils on which the crops grow. Thus, from a human health perspective, it is imperative to assess the effect of metal immobilization in contaminated soils on the heavy metal accumulation and concentration in locally consumed crop grains.
Ingestion of heavy metal-polluted food and water is one of the dominant pathways for accumulation in humans living near impacted areas (Chen et al. 2018) . Wheat is an important global staple food crop, and is especially important for residents in northern China in their daily diet Rehman et al. 2017; Zhang et al. 2018) . Comparatively, wheat can accumulate higher amounts of Cd and Pb in its grains than maize when planted in contaminated soils (Greger and Landberg 2008; Douay et al. 2013 ). The maximum permissible concentrations of Cd and Pb in wheat grain in China are 0.1 and 0.2 mg kg −1 , respectively (The Poeple's Republic of China National Standard 2017). Higher levels of Cd and Pb in wheat grains have been reported in contaminated areas in northern China Du et al. 2015) . Du et al. (2015) collected 188 wheat grain samples from an area about 1000 km 2 in the lead-smelting-polluted area in Jiyuan, Henan Province. The study indicated that the range of Cd and Pb concentrations in the wheat grains was 0.039-2.54 and 0.084-4.22 mg kg , respectively. Xing et al. (2016) investigated an area greater distance away from the smelter in Jiyuan than in Du et al. (2015) 's work, in which they found ranges of Cd and Pb concentrations in wheat grains were 0.108-0.277 and 0.0621-0.717 mg kg −1 , respectively. Although immobilization of Pb and Cd with phosphate has been reported in many works, verifying effectiveness and reduction in metal mobility have predominantly been investigated with chemical analysis (leachability, sequential extraction, etc) of soil samples, or to a lesser extent with synchrotron analysis to spectroscopically measure the changes of Pb species (Chrysochoou et al. 2007; Baker et al. 2014) . The effect of soil phosphate amendments on heavy metal accumulation in wheat grain has been investigated in pot experiments by some scientists. Only a few field studies have been conducted to study the effect of soil amendment on crop grain concentrations of heavy metals cultivated in contaminated soils (Rehman et al. 2015) .
Most soils in northern China are calcareous. In calcareous soils, the added soluble phosphate ions may react with Ca and Mg ions resulting in less soluble phosphates and make phosphorus fertilizer less available to plants over time (Munira et al. 2018; Zhu et al. 2018) . In order to decrease the reaction between phosphate ions from fertilizer and the Ca and Mg ions in soil, it is recommended that band application is employed for P fertilizer application (Jiang et al. 2016) . Phosphate and Pb ions have poor mobility in soil (Stecker et al. 2001) . This is truer in calcareous contaminated soils, where the added phosphate ions from P fertilizers react with cations like Pb, Ca, and Mg (Munira et al. 2018; Zhu et al. 2018) . The concentration of Ca is often much higher than that of Pb in most soils, even contaminated soils. Therefore, if split phosphate applications are used on Pb-contaminated soils, it may enhance the reaction by improving contact between Pb and phosphate and reducing the long-term conversion of P to calcium phosphates.
Cd is a common contaminant found in heavy metal contaminated soils. High concentrations of Cd in soil can result in bioaccumulation of Cd in aerial parts of crops, highlighting the flux of soil Cd into food chain transfer exposure pathway. Zinc (Zn) has similar behavior with Cd in the soil-plant system (Das et al. 1997 ) and can affect the absorption and accumulation of Cd from soil (Brown Brown et al. 2004; Kirkham 2006; Saifullah et al. 2016; Sarwar et al. 2010; Chen et al. 2003) . Experiments have indicated that foliar application of Zn to wheat plants inhibits the accumulation of soil Cd in wheat grains (Saifullah et al. 2015 (Saifullah et al. , 2016 Sarwar et al. 2010; Chen et al. 2003; Sarwar et al. 2015; Qaswar et al. 2017 ).
This field study was conducted in a smelter-impacted area in Jiyuan, China, to investigate (i) the effect of whole and split application of phosphate amendments on Pb and Cd availability in soil and the accumulation of Pb and Cd in wheat grains and (ii) the effect of foliar application of Zn to wheat plants on the accumulation of Cd in wheat grains.
Materials and methods

The contaminated field
The study was conducted in a field (ca. 35.129 N, 112.554 E) in the west suburb of Jiyuan City, Henan Province, China. The field is about 1000 m to the main stack of the Yuguang Gold and Lead Co. ltd. The Yuguang began its production of Pb in the 1950s; at present, it produces about 400,000 t of Pb annually, about half of the lead is smelted from lead ores, and the rest is from recycled batteries. The farm field in the vicinity of the Yuguang was contaminated with atmospheric deposition from the stack of Yuguang; no contamination from solid waste or wastewater was observed. The elevation of the field is about 250 m above sea level; the average annual temperature and precipitation of this area are 14.6°C and 600 mm, respectively. A rotation of winter wheat-summer corn is widely practiced in this area.
The soil belongs to ustic cambosols according to the Chinese Soil Taxonomy standards (Chinese Soil Taxonomy Research Group 2001) . Before the experiment, three composite soil samples from 0 to 20-cm depth were collected from the field, and the properties were analyzed according to methods in Lu (2000) . The pH (water:soil = 2.5:1, mL:g) was 7.92, and the electric conductivity was 0.131 mS cm −1
. The Olsen-P concentrations measured 5.42 mg kg −1 (Murphy-Reiley method). The available nitrogen (N) was analyzed by incubating the soil at 37°C with NaOH, and the emitted NH 3 was determined to calculate available N as 66.2 mg kg −1
. Soil organic matter concentration was measured as 15.1 g kg
. Total concentrations of Pb, Cd, and Zn are 261, 2.65, and 130 mg kg 
The field experiment
The field experiment was conducted during October 2013 to June 2014. There were seven treatments in this work as shown in Table 1 , with four replicates for each treatment. The superphosphate rates of 400 and 541 g m −2 (Table 1) correspond to P:Pb ratios (mol:mol) of 1.90 and 2.57, respectively. Before the experiment, 225-kg hm −2 K 2 SO 4 and 270-kg hm −2 urea were applied in the soil evenly and mixed with shovels to a depth of about 20 cm. Each plot has a length of 8 m and a width of 2.5 m. The distribution of the amendment plots in the field was completely randomized. Ridges of 15-cm high and 20-cm wide were constructed between neighboring plots to minimize the influence of crossover from different plots. Granular superphosphate fertilizer (manufactured by Hubei Chufeng Chemical Engineering Co. ltd, Zhongxiang City, Hubei Province, China) (total concentrations of P, Pb, and Cd are 4.63%, 53.1, and 0.625 mg kg −1 , respectively) was applied manually to the surface of the plots according to the rates in Table 1 ; the soil and fertilizer were then mixed to 20 cm manually with shovels. The fertilizers were applied on October 3, followed by wheat (Triticum aestivum L. Zhengmai 9023) planting with a manual seeder on October 4. On March 14, 300-kg hm −2 urea was applied to all the plots, and the same superphosphate was applied (as the split application) to some of the plots as required in Table 1 . For the application of urea and superphosphate, a 5-cm deep ditch was trenched about 5 cm beside the wheat plant rows, and fertilizers were placed in the ditch evenly, then the ditch was covered with soil. On April 9, 0.1% ZnSO 4 solution was sprayed on the canopy of wheat plants according to the treatments in Table 1 . The wheat plants were irrigated three times during its growth. Herbicide was applied in spring to control the growth of weeds.
Sample collection
On June 5, the soil and wheat plants were sampled at physiological maturity of the wheat. Two composite wheat and soil samples were collected from each plot. Three subsamples were mixed to make one composite sample. Ears of ten wheat plants were cut for each subsample at each site, then the soil where the wheat plants grew was sampled to 20 cm with a core drill. In each plot, about 1-m 2 wheat was harvested from two sites, and the collected grains were weighed for yield estimation. 
Sample analysis
The soil samples were air-dried, gently crushed to pass a 2-mm sieve and homogenized before analysis. The wheat grain samples were washed with running water three times then rinsed with deionized water for three times. The wheat samples were then dried in an oven at 75°C, pulverized, and mixed thoroughly. The wheat grain samples were digested with HNO 3 -H 2 O 2 on a hot plate according to Lu (2000) . The soil samples were extracted with DTPA (diethylene triamine pentaacetic acid) for available Cd, Pb, and Zn. The soil was extracted with 0.5-mol L −1 NaHCO 3 for available P analysis (Murphy and Riley method). The concentration of heavy metals in the digestion solution or the extractants was determined with an atomic absorption spectrometer (Jena ZEEnit 700, Germany). Each sample was analyzed in triplicate. The analysis and data validation were conducted according to Lu (2000) . A standard sample of wheat grain (GBW10035, Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences) was included in the analysis of wheat grain for quality control; the recovery of Pb and Cd ranged 75.3-100.9% and 87.8-110%, with mean values of 82.9% and 96.7%, respectively.
Data processing
For each sample, the results of each analysis were expressed as the mean of three replicates, then the results of the two samples from each plot were used to calculate the result of the plot. For each treatment, the result was expressed as the mean of four plot replicates. All statistical analysis was conducted with the Statistical Package for Social Science (SPSS) 10.0; difference was reported at p < 0.05 according to LSD method.
Results
Wheat grain yield
Wheat grain yields (dry weight) are indicated in Fig. 1 . There was no significant difference on grain yield between different treatments (p > 0.05), suggesting that the toxicity of heavy metals and the alleviation effect of the treatments were not obvious.
Soil P availability
Significant difference was found between Olsen-P concentrations of different treatments (p < 0.05) (Fig. 2) . Phosphorus amendment increased the Olsen-P concentrations of all treatments. The differences between the control and the Pamended treatments were all significant (p < 0.05) except that of P21. At low phosphate rate (treatments P11, P12, and P12M), the mean Olsen-P was 9.62 mg kg −1 , while that of high phosphate rate treatments (treatments P21, P22, and P22M) was 10.4 mg kg −1 . No significant difference was found between single application and split application of phosphate at both P rates (p > 0.05), suggesting that the effect of split application on the phosphorus availability was limited.
Heavy metal availability
Concentrations of DTPA-extractable Pb, Cd, and Zn of different soils were shown in Figs. 3, 4 , and 5.
Phosphate amendment reduced the concentrations of DTPA-extractable Pb in all soils for 1.39-10.7%, compared with the control; however, these differences were not statistically significant (p > 0.05). Higher P rate resulted in lower Pb availability. The average DTPA-extractable Pb concentration of treatments P11, P12, and P12M was 114 ± 2.17 mg kg No significant effect of phosphate amendment on Cd availability was found either. Less effect of phosphate amendment was found for Cd compared with Pb availability (Fig. 4) . Compared with the control, P amendment decreased soil DTPA-extractable Cd concentrations for 0.040-7.12%; the differences were not statistically significant (p > 0.05). The average DTPA-extractable Cd concentrations of the treatments with high P rates (P21, P22, and P22M) were 1.19 ± 0.049 mg·kg −1 , while that of the treatments with low P rates (P11, P12, and P12M) were 1.24 ± 0.020 mg·kg −1 . Because the Zn concentration of the soil was relatively low, the DTPA-extractable Zn concentration of the soil was not high (Fig. 5) . The P amendment resulted in 0.23-13.4% higher DTPA-Zn concentrations than in the control; however, the difference was not statistically different (p > 0.05).
The results of the DTPA-extractable heavy metal concentrations indicated that the P amendment slightly decreased the availability of Pb and Cd, but increased that of Zn marginally. The split application of P did not result in obvious influences on immobilization of these three metals in the soil.
Concentrations of Pb, Cd, and Zn in wheat grains
The grain Pb concentration was significantly affected by the P amendment (p < 0.05) (Fig. 6) . Phosphate amendment resulted in 5.41-21.5% decrease of grain Pb concentration compared with the control; the concentrations of treatments P21 and P22 were significantly lower than the control (p < 0.05). The results indicated that it was possible to reduce grain Pb concentrations in field conditions with P amendment in Pbsmelting contaminated calcareous soils. The mean grain Pb concentration of the low (P11, P12, and P12M) and high P rates treatments (P21, P22, and P22M) were 0.468 ± 0.008 mg kg −1 and 0.451 ± 0.0043 mg kg −1 , respectively.
For the single use treatments, grain Pb concentration of the high P rate treatment (P21) was 12.6% lower than that of the low P rate treatment (P11). No significant effect of the split application of P was observed. Application of Zn resulted in higher grain Pb concentrations at both P rates (3.20 and 13.1% higher than the treatments without Zn application for low and high P rates, respectively). The effect of P amendment on wheat grain Pb concentration was in good agreement with DTPA soil Pb availability (Fig. 3) . The results indicated that, although the P amendment did not result in statistically significant decrease in soil Pb extractability, it did decrease the grain Pb concentrations, suggesting an influence of P amendment on soil Pb availability and Pb accumulation in grains. Grain Cd concentrations were less affected by the treatments compared with Pb concentration (Fig. 7) . Grain Cd concentrations with soil P amendment were 3.62-6.76% lower than the control; the differences were not statistically different (p > 0.05). The split application of phosphate or the foliar application of Zn did not affect the grain Cd concentration significantly (p > 0.05). Figure 8 shows the effect of treatments on grain Zn concentrations. The grain Zn of the treatments except those with 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000
Treatments Fig. 1 Grain yields (dry weight) of wheat growing in lead-smelting contaminated soils amended with P and with or without foliar application of Zn on wheat plants. P11, P:Pb (mol:mol) = 1.90, all the P was applied at planting; P12, P:Pb (mol:mol) = 1.90, 60% applied at planting, the remaining 40% at jointing stage; P12M, P:Pb (mol:mol) = 1.90, 60% applied at planting, the remaining 40% at jointing stage, with foliar application of Zn at jointing stage; P21, P:Pb (mol:mol) = 2.57, all the P was applied at planting; P22, P:Pb (mol:mol) = 2.57, 60% applied at planting, the remaining 40% at jointing stage; P22M, P:Pb (mol:mol) = 2.57, 60% applied at planting, the remaining 40% at jointing stage, with foliar application of Zn at jointing stage Zn application were 4.29-9.02% lower than the control, while foliar Zn treatments, P12M and P22M, were 1.10% and 0.133% higher than that of the control, respectively; and some of the differences were statistically significant (p < 0.05).
Although the P amendment did not affect the soil DTPAextractable Zn concentrations significantly (p > 0.05), it did affect the accumulation of Zn in wheat grains negatively. The Zn foliar treatment resulted in significantly higher grain Zn concentrations than the corresponding treatment without Zn application. The Zn concentration of P22M was 10.1% higher than that of P22, while that of P12M was 9.86% higher than that of P12. For both low and high P rates, the split application of P resulted in lower Zn concentrations in wheat grains (3.84 and 2.76% lower than the corresponding treatments with single application, respectively). The grain heavy metal concentration results indicated that the P amendment in soil affected the accumulation of Pb and Zn in wheat grains, but had little effect on Cd accumulation. Split application of the same amount of P fertilizer resulted in lower Zn concentrations in wheat grains, while foliar application of Zn enhanced Zn accumulation in wheat grains.
Discussion
Accumulation of heavy metals in grains of wheat growing in contaminated soils
In recent years, higher concentrations of heavy metals than the maximum permissible concentrations in wheat grains have been reported in several areas in China upon cultivation and harvesting of wheat from smeltercontaminated soils Du et al. 2015) . Lead from both soil and atmospheric deposition contributed to Pb accumulation in wheat grains. When the level of Pb atmospheric deposition is high, Pb accumulation from leaves may become the predominant source of Pb accumulation in wheat grains (Singh et al. Singh and . Douay et al. (2008) found that the closedown of a lead smelter in France resulted in sharp decrease of wheat grain Pb concentrations while Cd levels did not change much. Zhao et al. (2012) also found that atmospheric deposition was the predominant source of wheat grain Pb accumulation, resulting in 90-99% of Pb in wheat grains harvested near a Pb and Zn smelter in Shaanxi Province. Before 2009, more than 100 lead-smelting facilities existed in Jiyuan City, most of them had low recovery of Pb of about 80-85% from raw materials (Li et al. 2009 ). Stricter controls caused the closing of most leadsmelting plants, with only three lead-smelting plants (Yuguang, Jinli, and Wanyang) existing in Jiyuan at present (Qiu et al. 2016) . The remaining facilities adopted better smelting techniques and facilities with much higher Pb recovery; thus, the atmospheric deposition near the lead-smelting area in Jiyuan is believed to be much lower than that before 2009. This may partly explain why the soil P amendment in our study significantly affected Pb accumulation in wheat grains (Fig. 6 ). Unlike Pb, accumulation of Cd in wheat grains was mainly controlled by the concentration and availability of Cd in soil. Wang et al. (2012) in the present work; the corresponding P:Pb ratios (mol:mol) were 1.90 and 2.57, respectively. This indicated that the P:Pb ratios employed in this work did affect the heavy metal availability in soil and their accumulation in wheat grains, although the ratios were much smaller than that used by many other scientists, especially in field works (Chrysochoou et al. 2007 ).
The effect was in good agreement with the results of our early pot experiment, which used the P:Pb of 2:1 (mol:mol) (Li et al. 2012) . Hypothetically, if the phosphate rate is elevated above rates used in this study, a better inhibition effect of phosphate on Pb and Cd accumulation in wheat grains in this area may be expected. In this work, immobilization of Cd and Zn was more insignificant than was observed for Pb, which mainly points to the higher solubility of phosphates of Cd and Zn than that of Pb (Kumpiene et al. 2008; Zhang 2003) . However, Rehman et al. (2015) found substantial effect of Cd concentration reduction in wheat grains when the soil with 3.15-mg kg −1 Cd was amended with high amounts mono ammonium phosphate at 0.4% or 0.8% rates.
Split application of phosphate
In order to enhance the reaction between phosphate and Pb, we investigated the effect of split application of phosphate into the contaminated soils, hypothesizing that the split application may enhance the reaction between the Pb and phosphate ions, both of which have poor mobility in soils. However, the results did not prove the hypothesis; the split application did not result in lower concentration of DTPA-extractable Cd, Pb, or Zn, but it resulted in lower grain Zn concentrations at both rates (Fig. 8) . In a pot experiment, Sanderson et al. (2016) 
Treatments Fig. 7 Grain Cd concentration of wheat growing in lead-smelting contaminated soils amended with P and with or without foliar application of Zn on wheat plants 7 days; the split application resulted in higher Pb availability than the single application of the same rate of phosphate. The similar or even higher Pb availability of split application than the single application may relate to the lower soil pH just after phosphate application; because of the pH buffering capacity, the acidifying effect of phosphate will be compensated as time goes on.
Effect of foliar application of Zn on Cd accumulation in wheat grains
The negative effect of foliar application of Zn on Cd accumulation in wheat grains has been confirmed in several works (Saifullah et al. 2015 (Saifullah et al. , 2016 Sarwar et al. 2015; Zhao et al. 2005) ; Saifullah et al. (2016) found that application of Zn in booting stage reduced the grain Cd concentration more than other stages. Sarwar et al. (2015) found the concentration of Zn affected Cd accumulation in wheat grains. In this work, the Zn was applied on April 9, which is the jointing stage in the study area; the concentration used in this work was 0.1%, both the time and the concentration were different from the optimal conditions found in other works for better inhibition of Cd accumulation in wheat grains (Saifullah et al. 2016; Sarwar et al. 2015) . This may be the reason of the very limited effect of Zn application on the accumulation of Cd in wheat grains in this work.
Potential effect of P on the alleviation of heavy metal toxicity by AM fungi Arbuscular mycorrhizal (AM) fungi are important for plants, and they colonize over 80% of terrestrial plants including wheat (Chen et al. 2005; Aguilera et al. 2018; Gunathilakae et al. 2018) . AM fungi play important roles in alleviating plant stresses including heavy metal contaminations and low P availability stress in soil. AM fungi can inhibit the transformation of heavy metals to plant shoots, precipitate them in soil, or retain heavy metals on fungal cells, thus alleviating the toxicity of the heavy metals in soil to plants (Gunathilakae et al. 2018) . Phosphorus amendment in heavy metal-polluted soils is also important for reducing the phytoavailability of metals to plants, as indicated in Figs. 3 and 4 . However, studies indicate that AM colonization of plants is inhibited by higher phosphorus availability in soil (Gosling et al. 2013; Sarabia et al. 2017) . Hence, the effect of phosphorus amendment on the accumulation of heavy metals in the wheat grain in this work (Figs. 6, 7, and 8) should be a combined effect of immobilization of these metals in soil with the phosphorus amendment and less colonization of wheat roots with AM fungi after P amendment. However, whether which effect is more pronounced during this process needs further investigation.
Conclusions
The amendment with phosphate in soil resulted in higher soil P availability; however, the split application did not affect soil P availability significantly. Phosphate application resulted in lower availabilities of Pb and Cd in the soil. No significant effect of split application of phosphate was found on Pb and Cd availabilities in soil, and higher rates of phosphate resulted in lower Pb and Cd availabilities in the soil. Grain Pb, Cd, and Zn concentrations were negatively affected by the phosphorus application; the higher rates of phosphate resulted in lower grain heavy metal concentrations. Foliar application of Zn during wheat growth increased the grain Zn concentrations significantly, while it had no statistically significant effect on Pb and Cd concentrations in the grain. Although the Pb and Cd concentrations in wheat grains were slightly reduced by the phosphate application; their concentrations were still much higher than the maximum permissible concentrations in the national standards. The results of the field experiment suggest that it is feasible to reduce the wheat grain concentrations of Pb and Cd in calcareous areas by soil application of superphosphate; however, the split application of the phosphate and the foliar application of Zn compounds do not have substantial effect on the accumulation of Pb and Cd in the wheat grains.
